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Abstract: 
EXPRESSION OF THE NA+/H+ EXCHANGER ISOFORM NHE3 IN EPITHELIAL CELLS 
OF LIVER AND PANCREAS. 
Dan Negoianu, Daniel Biemesderfer, and Peter S. Aronson. Section of Nephrology, 
Department of Internal Medicine, Yale University, School of Medicine, New Haven, CT. 
Sodium/proton exchangers (NHE’s) have a major role in cellular homeostasis in 
virtually all tissues. The sodium/proton exchanger isoform 3 (NHE3) has been shown to play 
an important role in trans-epithelial fluid reabsorption in the mammalian kidney and 
intestine. The purpose of the present study was to identify the cellular and subcellular sites of 
NHE3 expression in hepatic and pancreatic epithelial cells. 
Three isoform-specific anti-NHE3 monoclonal antibodies were used to label NHE3 in 
immunocytochemical and immunoblotting studies of rat tissues. In fixed sections of liver, 
staining for NHE3 was found on the apical (canalicular) membranes of hepatocytes and on 
the apical membranes of intrahepatic bile duct epithelial cells (cholangiocytes). Labeling of 
NHE3 as an 80-85 kDa protein was confirmed using an anti-NHE3 polyclonal antibody on 
Western blots of a hepatocyte membrane fraction enriched for canalicular markers. NHE3 
was not detected by immunoblotting of crude liver membrane vesicles, likely because apical 
duct and apical hepatocyte (canalicular) membranes represent only a very small fraction of 
the overall membrane population in liver. 
Staining for NHE3 was observed on the apical membranes of epithelial cells lining 
pancreatic ducts in fixed sections of pancreas studied by immunocytochemistry. No staining 
was detected on pancreatic acinar cells. 
We conclude that the Na+/H+ exchanger isoform NHE3 is expressed on the apical 
membranes of rat hepatocytes, cholangiocytes, and pancreatic duct epithelial cells, indicating 
a likely role in mediating transepithelial acid-base and fluid transport across these cell types. 
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Introduction: 
NOTE: Since the time this study was completed, some of the results have subsequently been 
duplicated and expanded upon. Therefore, in the Introduction the review of articles 
pertaining to apical Na+/H+ exchange in pancreas and liver tissues is written to reflect the 
knowledge extant in 1997/1998. Results from more recent studies will be examined in the 
Discussion section. All other portions of the Introduction are intended to reflect current 
knowledge. 
Overview of the Family of Sodium-Proton Exchangers: 
Sodium-proton exchangers (NHE’s) mediate the electroneutral exchange of 
intracellular H+ for extracellular Na+ in virtually all mammalian tissues and species. These 
proteins take part in cellular homeostasis through the maintenance of intracellular pH and 
volume status. Furthermore, NHE’s mediate epithelial NaCl reabsorption in the kidney, 
the intestine, and other locations. Six isoforms of the NHE have been identified: NHE1 
through NHE6 (1,2). 
NHE1 is expressed in virtually all cells. In polarized epithelia from native tissue, 
it is localized basolaterally. Its major functions are maintenance of cellular pH and 
volume status (1). 
NHE2 has been localized to the apical membranes of epithelial cells in the rat 
intestine (stomach, duodenum, ileum, and colon) and kidney (2-4). NHE2 and NHE4 
exhibit significant homology (5). Though localized to the kidney (3, 6-8), NHE2 does not 
appear to play a significant role in renal salt reabsorption (9, 10). Contrary to some 
previous data, NHE2 appears to be confined to the distal nephron (3). In mice, NHE2 
has been shown to play an essential role in the survival of parietal cells in the stomach 
(11). The mechanism by which it does this is not clear, though this observation may be 
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related to the ability of NHE2 to extrude protons in the setting of an alkaline interstitium 
(which, paradoxically, is the environment of parietal cells). 
NHE3 is localized apically in polarized epithelial cells (2, 12). It has been 
localized to the apical membranes of the renal proximal tubule where it is the major 
mediator of NaHC03 reabsorption (13, 14). Elowever, a significant portion of luminal 
proton secretion in the proximal tubule is performed by an unknown transporter other 
than NHE3 or NE1E2 (9, 14). NHE3 has also been localized to the intestine (jejunum, 
ileum, ascending and descending colon, and rectum) (15-18). Additionally, NHE3 has 
been localized to the efferent duct of the rat genital tract (19, 20). In Northern blot 
analysis of human tissue (21), the distribution of NEIE3 was found to be kidney » small 
intestine » testes > ovary > colon - prostate > thymus > peripheral leukocyte = brain > 
spleen > placenta. NHE3 message was not detected in human heart, lung, liver skeletal 
muscle, or pancreas. The evidence for the presence of NHE3 in the pancreas and liver, 
which is the subject of this study, will be discussed below. 
NHE4 is localized basolaterally and is expressed at high levels in rat stomach and 
at lower levels in rat kidney (cortex>medulla), uterus, skeletal muscle, heart, liver, and 
spleen (22). Previous data suggesting the presence of NHE4 at intestinal sites distal to 
the stomach may have been the result of cross-reactivity with NHE2 (5). 
NHE5 is a non-epithelial isoform that has been detected predominantly in brain 
but also in testis, spleen, and skeletal muscle (1). 
NHE6 is mitochondrial and is widely distributed (1). 
This study used immunofluorescence and immunoblotting to localize NHE3 to the 
apical membranes of rat pancreatic epithelial cells, cholangiocytes, and hepatocytes. 
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Therefore, NHE3 function and regulation will be reviewed. Subsequently, electrolyte 
physiology in pancreatic duct epithelial cells, bile duct epithelial cells (cholangiocytes), 
and liver parenchymal cells (hepatocytes) will each be reviewed in turn. After each of 
these sections, a section dealing specifically with the evidence for apical Na+/H+ exchange 
at that site will follow. 
Overview of NHE3: 
Structural Features: 
In rat and rabbit, NHE3 cDNA encodes proteins that consist of 832 and 831 
amino acids, respectively, with calculated molecular weights of 92,747 and 92,997, 
respectively (17). Among the sodium/proton exchangers NHE1 through NHE4, NE1E3 
shows the least homology to the other proteins in the family (16, 17) but is most 
homologous to NHE5 (2). Additionally, while NHE1 and NHE2 are glycosylated, NHE3 
is not (1). 
NHE’s contain a well-conserved amino terminal domain that encompasses about 
60% of the protein. The carboxy-domain is less well conserved (15, 17). The amino- 
terminal domain consists of 10-12 hydrophobic transmembrane segments. 
Transmembrane segments 5a and 5b between residues 226 and 281 are nearly identical 
among all NHE isoforms, and they likely form the catalytic core of the protein that 
mediates sodium-proton exchange (2). The first transmembrane loop and the first 
extracellular loop, on the other hand, are not well conserved even among members of the 
same isoform in different species, and they are not essential for protein function. This 
domain may be a signal peptide involved in protein trafficking (2). Transmembrane 
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segments 4 and 9 are important for binding of pharmacologic inhibitors to the NHE’s 
(23). 
Though the carboxy-terminal is not well conserved among isoforms, simulations 
nevertheless suggest a high degree of structural similarity (2). The carboxy-terminus is 
hydrophilic and is generally thought to be cytosolic in most NHE’s. However, there is 
good evidence to suggest that in NHE3 it is extracellular (24). Interestingly, this portion 
of the protein is also essential for cyclic adenosine monophosphate (cAMP)-mediated 
inhibition of Na+/H+ exchange (25) as well as calmodulin binding (24). In the case of the 
cAMP regulatory pathway, this evidence may point to extracellular regulatory 
mechanisms. It is also possible that a (3-barrel transmembrane motif, which would not be 
apparent on hydropathy plots, allows the C-terminus to possess an extracellular as well 
as an intracellular region. Finally, it is possible, though very unlikely given other studies 
(25, 26), that the C-terminal region may not be the direct binding site, but rather exerts a 
necessary allosteric effect (24). 
Transported Cations: 
Under physiologic conditions, NHE3 and other NHE’s mediate the exchange of 
one extracellular Na+ for one intracellular H+. Though NHE3 is classically thought of as a 
Na+/H+ exchanger, it can accommodate H+ and Li+ with greater affinity than it does Na+ 
(17). The transporter does not transport K+. Although NHE1 is inhibited by K+, NHE2 
and NHE3 are not (2). 
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Kinetics: 
The extracellular Na+ binding sites for NHE1, NHE2, and NHE3 exhibit 
Michaelis-Menten kinetics. This binding site is essentially saturated at physiologic 
extracellular Na+ concentration (2). 
NEiE3 is inhibited by hypertonic medium, in contrast to NHE1, NHE2 and 
NHE4, which are activated by it (23). One the other hand, NHE3 in the thick ascending 
limb appears to be stimulated by /?y/?oosmolality (27). 
Like other NHE’s, N1TE3 is affected by intracellular pH due to the presence of an 
apparent allosteric H+ binding site which, when filled, leads to facilitated Na+/H+ exchange 
(23, 28). NHE’s exist in dimers in the plasma membrane, and this may have a role in the 
cooperative behavior of H+ binding (2). Of note, NHE3 exhibits a higher affinity for 
intracellular H+ than NHE1 or NHE2, so it is active at physiologic pH, while NHE1 and 
NHE2 are only activated as pH drops below neutrality (2). 
Unlike other isoforms, the regulation of NHE3 is mediated by changes in Vmax. 
Other isoforms, such as NHE1, appear to be regulated by changes in their affinity for 
protons (2). 
Finally, like other NHE’s, NHE3 is inhibited by ATP depletion, but NHE’s do 
not hydrolyze ATP (1). 
Subcellular Distribution: 
In addition to its well-described site at the apical membrane, NHE3 has also been 
localized to endosomal compartments both in native rat proximal convoluted tubule (29) 
and in non-epithelial cells transfected with NHE3 (30). 
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In addition, NHE3 has been localized to an intermicrovillar membrane 
compartment that is found that the bases of mircrovilli in the apical membranes of rat and 
rabbit kidney. NHE3 in this intermicrovillar membrane appears to be inactive and is 
associated with the putative scavenger receptor megalin. NHE3 in the microvilli is not 
bound to megalin and is active (31). Notably, NHE3 binding to megalin appears obscure 
the portions of the protein to which most anti-NE[E3 antibodies (including those used in 
this study) have been raised. This brings up the possibility that current knowledge of 
NHE3 localization may be incomplete—even in well-studied tissues such as the kidney. 
Regulation: 
As mentioned, NHE3—unlike NHE1—is regulated through changes in its Vmax 
rather than changes in its affinity for protons (2). The protein is regulated through a 
number of mechanisms including direct phosphorylation, binding of regulatory proteins, 
modulation of gene transcription, and trafficking of NHE3 from the plasma membrane to 
other membrane compartments. 
The cAMP-dependent protein kinase known as protein kinase A (PKA) inhibits 
NHE3 by phosphorylating a serine residue at position 605 of NHE3 (26). A 538-amino 
acid protein called NHE regulatory factor (NHERF) has been cloned and is essential for 
the negative regulation of NHE3 by PKA. It acts as a scaffolding protein that brings 
PKA and NHE3 into close proximity with each other (32). Related proteins such as 
E3KARP may have a similar role (2). 
Inhibition of NHE3 by parathyroid hormone (PTH) appears to be mediated 
initially by phosphorylation of NHE3 by PKA. There is a subsequent phase of 
inhibition mediated by dynamin-dependent endocytosis (33). Chronic PTH 
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administration leads to reduced protein abundance resulting from decreased mRNA levels 
(34). 
The bulk of data suggests that phosphorylation of NHE3 by protein kinase C 
(PKC) leads to inhibition of Na+/H+ exchange. However, phosphorylation by PKC can 
cause mixed effects, including inhibition, stimulation, or no effect (35-37). These 
responses do not appear to be the result of variable patterns phosphorylation by the 
enzyme (37). The explanation for this variability remains unclear. 
Low dose (10'11 M) angiotensin II administration increases Na+/H+ exchange by 
NHE3 via a PKC-mediated mechanism. Supra-physiologic doses of angiotensin II (10‘7 
M) paradoxically lead to decreased NHE3 function through a mechanism that is not 
dependent on PKC (35). 
Activation of the ETB receptor by endothelin-1 leads to activation of NHE3. The 
mechanism appears to be tyrosine phosphorylation via a Ca2+/calmodulin-dependent 
kinase (38). 
Response to Inhibitors: 
NHE3 is relatively resistant to amiloride and its analogues as compared to NHE 
isoforms NHE1 and NHE2. NHE3 tends to be about 100 times less sensitive to these 
inhibitors than NHE1. NHE3 is nevertheless inhibitable by these agents at higher 
concentrations. For the most part, the sensitivity of NHE2 to these inhibitors is between 
that of NHE 1 and NHE3, with an exception in the case of amiloride, which affects NHE1 
and NHE2 at about the same concentrations. The drugs cimetidine and clonidine show a 
similar pattern, with the notable exception that NHE1 is considerably less sensitive to 
clonidine than NHE2 is (see Table 1 below) (16). 
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More recently, phenyl acyl guanidinium-derived inhibitors with even greater 
specificities for NHE1 have been found: HOE-694 (39) and HOE-642 (40). (see below). 
Amilo- 
ride 
EIPA DMA MPA HOE- 
694 
HOE- 
642 
Cimeti- 
dine 
Cloni- 
dine 
NHE1 3 0.02 0.1 0.08 0.15 0.05 26 210 
NHE2 3 0.5 0.7 0.7 5 3 330 42 
NHE3 
Table 1: 
40-100 
differentia 
2-8 
sensitivitie 
11-14 
;s of NHE1 
10 
, NHE2, an 
650-800 
d NHE3 to 
1000 
various ph 
6,200 
armacologi 
620 
c 
agents. The above Kj’s are given in pM (16, 39, 40). 
EIPA: 5-(N-ethyl-N-isopropyl)-amiloride, DMA: Dimethylamiloride, MPA: 5-N-(methylpropyl)amiloride, 
HOE-694: 3-methylsulfonyl-4-piperidinobenzoyl-guanidine methanesulfonate, HOE-642: 4-isopropyl-3- 
methylsuphonylbenzoy 1-guanidine methanesulfonate. 
Overview of Pancreatic Epithelial Electrolyte Physiology: 
General Anatomy: 
The excretory ducts of the pancreas form about 10% of the total mass of the 
organ. They consist of a branching network of tubes of increasing diameter starting in the 
intercalated ducts, leading successively to intralobular ducts, interlobular ducts, and 
finally the main pancreatic duct (41). 
The epithelial cells that form this simple epithelium contain apical microvilli and 
abundant mitochondria, suggesting an important role in active transport. Goblet cells are 
found with increasing frequency toward the ampulla of Vater (41). 
The Pancreatic Epithelium is a Secretory Epithelium: 
The pancreatic epithelia is capable of secreting profound amounts of bicarbonate, 
with maximal concentrations reaching 70 mEq/L in rats and approximately 160 mEq/L in 
humans, cats, and dogs. These values are far greater that the normal concentrations of 
bicarbonate in plasma. The major stimulant of pancreatic epithelial secretion is the 
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hormone secretin, produced by S cells of the duodenum in response to acidic chyme from 
the stomach. Muscarinic innervation may also be important. Though secretin 
administration does not greatly affect the Na+ concentration of the pancreatic juice, it 
does lead to an increase in HC03' concentration and a reciprocal decrease in Cf 
concentration. This suggests the activation of a CIVHCO3' exchange mechanism. 
Stimulation by secretin increases cAMP levels, which leads to PKA activation, which 
eventually leads to up-regulation of transport proteins necessary for HC03' secretion. 
Neural muscarinic stimulation leads to increased Ca2+ concentration and apparently 
potentiates the effect of increased cAMP (42). 
Basolateral Ion Transporters Are Essential for Apical HCO3' Secretion in 
Pancreatic Epithelia: 
Previously, basolateral Na+/H+ exchange was felt to be a vital component of 
HCO3' secretion. It was believed that the initial step would be the production of HCO3" 
and H+ by the intracellular carbonic anhydrase. The HCO3' would be secreted apically, 
presumably through a Cl7 HC03" exchanger. Luminal CL required for C17 HC03‘ 
exchange would be secreted apically by the CFTR Cl' channel. It was thought that the 
protons produced by the cytoplasmic carbonic anhydrase would leave via the basolateral 
transporter NHE1 (43). However, it was found that even very high (ImM) 
concentrations of amiloride did not inhibit HC03' secretion, suggesting that some other 
method of basolateral H+ extrusion (or HC03' import) might be present (41,44). Recent 
evidence has demonstrated the presence of a basolateral, amiloride insensitive, 4,4'- 
diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) sensitive, electrogenic Na+-nHCCV 
cotransporter (NBC-1) in the pancreas (45). Pancreatic NBC-1 is a splice variant of the 
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NBC-1 transporter that mediates basolateral HC03' reabsorption in the renal proximal 
convoluted tubule. However, in pancreatic epithelium NBC-1 is believed to mediate flow 
of Na+ and HC03' into the cell rather than out of it (42). 
In pigs, basolateral H+ extrusion may also be mediated by a balifomycin-sensitive 
H+-ATPase pump (46), though this does not appear to be the major pathway in other 
animals. 
Apical Cl' Channels Are Essential for Basolateral HCO3' Uptake in Pancreatic 
Epithelia: 
The cystic fibrosis transmembrane conductance regulator (CFTR) appears to play 
a vital role in NBC-1 uptake of HC03' because CFTR activation leads to depolarization 
of the cell, which in turn affects electrogenic ion transporters such as NBC-1. The NBC- 
1 transporter is electrogenic because it transports several HC03' molecules with each Na+. 
In the kidney, the electrogenic nature of NBC-1 allows it to transport both Na+ and 
HC03' outward against their respective concentration gradients. In stimulated pancreatic 
epithelial cells, however, CFTR is activated and the apical exit of Cl' depolarizes the 
interior of the cell, thereby decreasing the electric gradient driving negative ions out of the 
cell. This allows NBC-1 in pancreatic epithelia under hormonal stimulation to transport 
Na+ and HC03' down their concentration gradients into the epithelial cells in spite of the 
net negative inward current produced by the electrogenic transporter. Therefore, apical 
Cl' channels have a greater role in HC03* secretion than merely facilitating apical 
C1'/HC03' exchange (42, 45). 
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Evidence for Apical Sodiuni/Proton Exchange in the Pancreas as of 
1997/98:* 
The Presence of Apical Na+/H+ Exchange in Pancreatic Epithelia is Counter- 
Intuitive: 
Since the major role of the epithelium of the pancreatic duct cells during digestion 
is the secretion of NaHC03' apically, the presence of basolateral Na+/H+ exchange 
(through NHE1), would certainly make sense (43). On the other hand, the presence of 
apical Na+/H+ exchange would be counter-intuitive, since it would counteract the primary 
function of the epithelium. Nonetheless, there is good evidence for its presence in 
pancreatic ducts. 
There is Functional Evidence of Apical Na+/H+ Exchange in Pancreatic Epithelia: 
Gerolami et al. (47) found functional evidence of Na+ absorption coupled to H+ 
secretion in humans who had undergone ERCP. The authors obtained wash-out samples 
of pancreatic juice after injection of secretin. These samples reflected the composition of 
fluid sitting in the duct before the start of the experiment. Subsequently, caerulein, an 
analogue of cholecystokinin (which therefore also stimulates enzyme production), was 
injected and further samples were collected. These samples reflected the composition of 
pancreatic fluid during active secretion. Among different subjects, values of pC02 
increased and [HC03] decreased linearly with protein concentration in wash-out samples 
but not in samples of fluid excreted under caerulein stimulation. This suggested that 
* Note: as mentioned previously, studies published since 1997/98 will be discussed in the 
Discussion Section 
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concentration (i.e., Na+ reabsorption) and acidification (i.e., H+ secretion) were occurring 
in parallel. Additionally, when “wash-out” samples were compared to samples obtained 
under hormonal stimulation, “wash-out” samples were found to be the least 
supersaturated with CaC03, although they had higher concentrations of Ca2+ and 
proteins. “Wash-out” samples also had lower pH and higher pC02 than samples 
obtained during caerulein stimulation. The authors suggested that Na+/H+ exchange is 
occurring during non-secretory periods and that H+ secretion increases the solubility of 
CaC03 and thereby helps to prevent the formation of CaC03 stones (47). These results 
were confirmed by a similar study done in dogs (48). 
Na+/H+ Exchange at this Site Is Electroneutral and Sensitive to High Doses of 
Amiloride: 
Evidence for mucosal Na+-dependent secretion of H+ was demonstrated in 
dissected portions of bovine pancreatic ducts (49). This H+ secretion was significantly 
decreased by the luminal addition of ImM amiloride. Na+ flux from the mucosal to the 
interstitial side was also significantly decreased by luminal amiloride, as well as 
basolateral ouabain (an inhibitor the Na7K+ ATPase). Na+ flux in the opposite direction 
(interstitial to luminal) was not changed by these inhibitors. Under basal conditions (Na+- 
containing medium with no inhibitors) there was net Na+ transport from the mucosal to 
the interstitial side of the duct segment. The transmural potential difference was very 
low, suggesting electroneutral transport. The above evidence further supported the 
presence of an apical Na+/H+ exchanger in the mammalian pancreatic duct and suggested 
that the exchanger was mediating luminal fluid reabsorption and acidification. 
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It should be noted that the ImM concentration of amiloride required to decrease 
Na+ flux in the above experiment was quite high: O.lmM or 0.2mM amiloride did not have 
any significant effect. Of the two apical NHE’s, NHE3 is significantly more resistant to 
the effects of amiloride. As mentioned earlier, NHE2 has the same high sensitivity to 
amiloride as NHE1 (39). Though finding suggests the presence of NHE3, it is difficult to 
make accurate quantitative comparisons because conditions in the previous experiment 
were different from those used to measure the inhibitory concentrations of drugs. 
There Is No Evidence of Apical NHE’s in Acinar Cells: 
There is no evidence of apical Na+/H+ exchange in pancreatic acinar cells, though 
NEIE1 and NHE4 have been localized to zymogen granule membranes in these cells (50). 
There Is Evidence of Amiloride-Inhibitable Apical Na/H Exchange in Salivary 
Glands: 
There has been functional evidence of EIPA-inhibitable Na+/H+ exchange in the 
apical membranes of ductular epithelial cells in mouse mandibular glands (51). The 
salivary glands share functional and histological similarities with the exocrine pancreas, 
making such a finding potentially significant to the understanding of pancreatic duct cell 
function. 
Overview of Cholangiocyte Electrolyte Physiology: 
General Anatomy: 
The bile duct epithelium begins with the canals of Herring, which are located at the 
confluence of several canaliculi just before the portal spaces. The intrahepatic biliary tree 
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acquires a progressively larger lumen in the transition from ductules to interlobular ducts, 
then septal ducts, and then segmental ducts. These then fuse to form the extrahepatic bile 
ducts. The biliary system has a simple cuboidal epithelium with a brush border. The 
epithelium becomes more columnar as the conduits become larger. In addition, mucus- 
secreting cells become more frequent. The ducts are lined by a peribiliary arterial plexus 
supplied by the hepatic artery. This anatomy suggests the presence of solute exchange 
between bile and blood (52). 
The Bile Duct Epithelium is a Secretory Epithelium: 
It is clear that intrahepatic bile ducts serve as more that simple conduits for bile 
produced by canaliculi. Although biliary epithelial cells account for only 2% of total liver 
cells, ductular secretion is thought to account for approximately 40% of bile volume in 
humans (53). Secretion is stimulated by the hormone secretin, but also by the 
neuropeptide bombesin, which may be the signal molecule in neurally mediated increases 
in bile secretion (54, 55). Similar to what is seen in the pancreas, stimulation of 
muscarinic receptors by acetylcholine leads to a potentiation of the effect of secretin. 
This potentiation is mediated by increased intracellular Ca2+. Though muscarinic 
stimulation alone does not increase cAMP levels, it does amplify the increase in cAMP 
normally caused by secretin (56). Ductular secretion is also stimulated by vasoactive 
intestinal peptide (VIP). Ductular secretion is inhibited by somatostatin and gastrin (57). 
There are many parallels between HC03' secretion in bile ducts and HC03' 
secretion in pancreatic ducts. Apical C17 HC03' exchangers (AE2a and AE2b) mediate 
E1C03" secretion into the lumen and consequently lead to acidification of the cell. These 
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transporters are up-regulated by cAMP (57, 58). Other similarities will be discussed 
below. 
Basolateral Ion Transporters Are Essential for Apical HC03" Secretion in Biliary 
Epithelia: 
Because apical HC03' secretion leads to intracellular acidification, basolateral 
mechanisms for extrusion of H+ or uptake of HC03' are necessary. In rats, these 
mechanisms include NHE1 and an electrogenic Na+-nHC03' symporter that can act as a 
HC03' importer or exporter depending on the membrane potential (59). The relative 
contribution of NHE1 to apical HC03' secretion compared to other exchangers may vary 
between species, but in guinea pigs inhibition of NHE1 using HOE-642 decreased biliary 
HC03" secretion by 50% (60). 
In primary cultures of human cholangiocytes, a Na+-dependent C17 HC03' 
exchanger, rather than the electrogenic symporter, appears to mediate uptake of HC03'. 
The electrogenic Na+-HC03' symporter is present, but it is activated only at very low 
pHj. Na+/H+ exchange is also demonstrated by Na+-dependent recovery from an acid load 
in the absence of HC03'. This recovery is >85% inhibited by ImM amiloride. There is 
no evidence of an ATP-dependant H+ pump (57, 59). 
In contrast, just as in pig pancreatic ducts, pig bile ductules do have a balifomycin- 
inhibitable H+-ATPase (58). 
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Apical CF Channels Are Essential for Basolateral HC03' Uptake in Biliary 
Epithelia: 
Another similarity to pancreatic ducts is the presence of CFTR, which has been 
found in human as well as rat cholangiocytes (59). CFTR presumably serves the same 
function in cholangiocytes as it does in pancreatic ducts. It provides extracellular CF for 
apical CIVHCO3- exchange as well as a depolarizing current that increases inward 
basolateral Na+-HC03' cotransport. In addition to CFTR, there is a different apical CF 
channel that is activated by a Ca2+-dependent protein kinase (59). As mentioned above, 
Ca2+ concentration in cholangiocytes is elevated by muscarinic stimulation (56). 
Pancreatic and Biliary Epithelia Are Not Functionally Equivalent: 
Although there appear to be many mechanistic similarities between biliary and 
pancreatic epithelia, it should be stated that they are still functionally different. This is 
most clearly illustrated by the fact that the HC03' concentration in bile is much less that 
that of pancreatic juice (61). 
Other Aspects of Cholangiocyte Electrolyte Physiology: 
Basolateral CF uptake is mediated by a furosemide/bumetanide-inhibitable Na+- 
K+-2CF co-transporter (59). 
Water transport in biliary epithelia is largely through transcellular pathways 
mediated by aquaporin CHIP, as opposed to paracellular pathways (53). 
Dihydroxy bile acids such as ursodeoxycholate induce a HC03'-rich 
hypercholeresis in rodents. This is thought to occur through a cholehepatic shunt 
pathway, where the bile acid is reabsorbed in protonated form, leaving behind a HC03\ 
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The bile acid molecule is then secreted again from a hepatocyte as a salt. Each turn of the 
cycle leaves a HC03' ion in the bile (57, 62). 
Finally, it is worth noting that there appear to be functional differences between 
various portions of the intrahepatic bile ducts. For instance, secretory mechanisms 
appear to absent from the smallest ducts (i.e., ductules), suggesting that only medium to 
large bile ducts take part in secretion (57, 63). 
Evidence for Apical Sodium/Proton Exchange in Cholangiocytes as of 
1997/98:* 
There Is Evidence of Apical Na+/H+ Exchange in the Gall Bladder: 
Early evidence for the presence of apical Na+/H+ exchange that might mediate fluid 
reabsorption in the mammalian biliary system was found in the gall bladder (52). Silviani 
et al. (64) found evidence of NF1E3 in the rabbit gall bladder by demonstrating Na+22 flux 
that was not inhibited by low doses (5|iM) ethyl-isopropyl-amiloride (EIPA) but was 
inhibited by phorbol 12-myristate 13-acetate (PMA), which activates the protein kinase 
C pathway. This pattern was consistent with the presence of NHE3. Net luminal to 
interstitial Na+ flux was observed. The authors also performed RT-PCR studies that 
confirmed the presence of NHE3 mRNA in rabbit as well as in human gall bladders (64, 
65). 
* Note: as mentioned previously, studies published since 1997/98 will be discussed in the 
Discussion Section. 
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There Is Evidence of NHE2 in Cholangiocytes: 
The presence of Na+/H+ exchange in the gall bladder suggested that it might also be 
present in cholangiocytes. Marti et al. (66) detected mRNA for NHE2 (as well as NHE1) 
in isolated rat cholangiocytes cells. They did not detect mRNA for NHE3 or NHE4. 
They also examined rat hepatocytes, which were only positive for NHE1. 
This result was followed up with functional evidence of Na+/EI+ exchange in 
cholangiocytes. Spirli et al. (58) found evidence of apical Na+ dependent proton extrusion 
in response to an acid load in a rat cholangiocyte cell line (NRC-1 cells). Gene expression 
of NHE2, but not NHE3, was found by RT-PCR. Response to the inhibitor HOE-642 
was felt to be most consistent with NHE2 (40, 58). 
There Is Evidence of NHE3 in Cholangiocytes: 
Singh et al. (67), however, published an abstract describing RT-PCR on rat 
cholangiocytes that was positive for NHE3 mRNA. They also provided functional 
evidence of separate apical and basolateral Na+-dependent H+ extrusion in isolated rat bile 
duct segments. 
Overview of Hepatocyte Electrolyte Physiology: 
Hepatocytes Are Secretory Cells: 
Bile canalicular membrane represents about 13% of total hepatocyte plasma 
membrane. Obviously, this is the major site of bile production (61). 
Bile production can be split conceptually into bile acid-dependant flow and bile 
acid-independent flow (61). The bile acid-dependant component reflects the fact that bile 
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flow increases linearly with bile acid output. This is likely caused by the osmotic pull of 
the ions accompanying the bile acids (since the acids themselves form micelles and are 
probably not very osmotically active). Even if bile acid output is reduced to zero, some 
bile flow remains. This is the bile acid-independent component. Organic ion transport 
such as glutathione has been implicated. Additionally, inorganic ion transport has been 
implicated, since there is evidence of a Cl'/ HC03' exchanger at the canalicular surface 
(61). 
The Na+-independent anion exchanger isoform 2 (AE2) has been localized to 
canalicular membranes of hepatocytes by immunohistochemistry (68) and in situ mRNA 
hybridization (69). It is stimulated by cAMP (70). The electrogenic Na+-nHC03* 
cotransporter is also present in the basolateral membrane of hepatocytes. Additionally, 
an apical Cl' channel is present (70). This could indicate the presence of a secretory 
mechanism analogous to that found in biliary and pancreatic epithelia. 
Bile acid-independent secretion was enhanced by increased pH (i.e., alkalinization) 
or increased intracellular HC03' concentration, independently. Alkalinization with a 
simultaneous decrease in HC03' concentration still increased secretion. Additionally, 
secretion was inhibited by the addition of the buffer tricine, even if CO2/HCO3' and pH 
remained essentially constant (71). 
It should be noted that a major portion of hepatocyte function involves the 
basolateral uptake and apical secretion of organic ions (72). However, this topic is 
outside the scope of this paper. 
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Hepatocytes Have Many Well-Studied Homeostatic Mechanisms: 
Most work on electrolyte physiology in hepatocytes has been related to 
maintenance of cellular homeostasis. The most important molecule for early response to 
osmotic stress appears to be NHE1. This molecule is up-regulated when osmolarity 
increases from 300mOsm to 326mOsm. Much of the Na+ imported by this transporter is 
actually switched for K+ by the Na+/K+ ATPase. The Na+-K+-2C1' symport and Na+ 
conductance mechanisms are both not activated by an increase to 326mOsm, though their 
activities are increased at 360mOsm and above (73). At high osmolarity, however, Na+ 
conductance appeared to have the greatest quantitative contribution. The relative ratio of 
Na+ transport among Na+ conductance, Na+/H+ exchange, and Na+-K+-2C1- co-transport 
is 4:1:1, respectively (74). 
Acid-base homeostasis has also been studied. NHE1, Cl7 HC03' exchange, and 
electrogenic Na+-nHC03' cotransport all take part the adaptation of a hepatocyte to an 
acid load (75). It appears that the Na+-nHC03" symport is always active, while NHE1 is 
only recruited at a more extreme change in pHj (76). 
There has been much work done on K+ homeostasis in hepatocytes (70), but since 
it is peripheral to the issues of Na+, H+, and EIC03’ physiology we are focusing on, we 
will not discuss it further. 
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Evidence for Apical Sodium/Proton Exchangers in Hepatocytes as of 
1997/98:* 
There is No Evidence for Apical Na+/H+ Exchange in Hepatocytes: 
There has not yet been any evidence of expression of NHE’s or functional 
evidence of apical Na+/H+ exchange in hepatocytes. On the contrary, Moseley et al. (77) 
did not find Na+/H+ exchange in hepatocyte vesicles enriched for apical membranes, 
though they did find Na+/H+ exchange in vesicles enriched for basolateral membrane. As 
mentioned above, Marti et al. (66) did not find any evidence of NHE2 or NHE3 mRNA in 
rat hepatocytes. 
Statement of Purpose: 
To better illustrate the localization of the sodium/proton exchanger isoform 3 in 
mammalian liver and pancreas. 
Methods: 
List of Work Done by Author: 
Dan Negoianu performed the following: dissection and harvesting of tissue, 
fixation and freezing of tissue in preparation for cryostat, semi-thin, and ultra-thin 
sections, cutting of cryostat sections, staining of cryostat and semi-thin sections, 
preparation of crude liver and pancreas microsomes, SDS-PAGE and Western blotting of 
* Note: as mentioned previously, studies published since 1997/98 will be discussed in the 
Discussion Section. 
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microsomes. Dan Negoianu assisted in the killing and perfusion fixation of animals under 
the supervision of Dr. Daniel Biemesderfer. 
List of Work Done by Others: 
Dr. Biemesderfer and his assistants (Sue-Ann Mentone and Brenda DeGray) 
prepared the NHE3-specific antibodies, prepared rat brush border membrane vesicles 
(BBMV) for use as positive controls, cut the semi-thin and ultra-thin sections, and 
performed peroxidase staining of the ultrathin sections for electron microscopy. 
Fluorescence microscopy and photography were performed either by Dr. Biemesderfer or 
with the assistance of Dr. Albert Mennone. Electron microscopy was performed by Dr. 
Biemesderfer. Apical membrane-enriched hepatocyte membrane vesicles were a gift from 
the lab of Dr. James Boyer. Though Dan Negoianu stained several semi-thin sections of 
rat liver during the screening process, the semi-thin section of liver presented below was 
stained by Sue-Ann Mentone. Gel electrophoresis of canalicular membranes was 
performed by Dr. Biemesderfer. The remainder of the preparation of the Western blot 
was performed by Dan Negoianu. 
Anti-NHE3 Antibodies: 
Anti-NHE3 monoclonal antibodies (mAb’s) 2B9, 4F5, and 19F5, and polyclonal 
antibody (pAb) B1 were raised to a maltose-binding fusion protein containing the C- 
terminal 132 amino acids of rabbit NHE3 (29, 78). These antibodies have been shown to 
be specific for the NHE3 isoform. They work for immunoblotting, immunoprecipitation 
in non-ionic detergent, and immunocytochemistry following aldehyde fixation. The 4F5 
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and 19F5 antibodies bind to a region between amino acids 756 and 792 ofNHE3; 2B9 
binds to a separate epitope between amino acids 702-756 of NHE3. 
Tissue Preparation for Immunocytoch emis try: 
Adult Sprague-Dawley rats were sacrificed using pentobarbital sodium and were 
then perfused with phosphate-buffered saline (PBS), pH 7.4, to remove blood, followed 
by PLP fixative (2% paraformaldehyde, 75mM lysine, and lOmM sodium periodate in 
phosphate buffer, pH 7.4). Portions of liver, extrahepatic bile duct, pancreas, parotid 
gland and kidneys were then removed. 
To prepare cryostat sections used for initial screening, tissue was postfixed in 
PLP for 4-6 hours and then cryoprotected by overnight incubation in 30% sucrose. 
Blocks of fixed tissue (0.5-1 cm) were placed in OCT compound (Miles, Inc., Ekhart, IN) 
in tin-foil wells, frozen in liquid N2, and stored at -70°C. Sections were made using a 
Reichert cryostat and mounted on gelatin-coated slides. 
To prepare semi-thin and ultra-thin cryosections that were used to follow up 
positive results, blocks of tissue (2-4mm cubes) were postfixed in PLP for 4-6 hours at 
room temperature. They were then cryoprotected by incubation for 1 hour in 2.3 M 
sucrose in phosphate buffer, pH 7.2, with 50% polyvinylpyrrolidone. Blocks were then 
mounted on aluminum nails, and then frozen and stored in liquid N2 (-70°C). 
Cryosections were cut using a Reichert Ultracut E ultramicrotome fitted with an FC-4E 
cryoattachment and then mounted on gelatin-coated slides. 
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Indirect Immunofluorescence Microscopy: 
Thick and semi-thin sections were washed sequentially in PBS and blocking buffer 
(1% bovine serum albumin (BSA), 10% Goat Serum in PBS), followed by incubation for 
1-2 hours in the primary antibody diluted 1/50 in blocking buffer. Sections were then 
washed with blocking buffer and then incubated for 1 hour in rhodamine-conjugated rabbit 
anti-mouse secondary antibody diluted 1:100 in blocking buffer. Slides were washed in 
PBS and then mounted in Vectashield mounting medium (Vector Labs, Burlington, CA). 
Sections were examined and photographed using a Zeiss Axiophot microscope. 
Peroxidase Staining of Ultra-Thin Sections. 
Ultra-thin cryosections were cut from PLP-fixed rat liver, pancreas, and kidney as 
described by Tokuyasu (79). Samples were labeled with monoclonal antibody 4F5 and 
later incubated with HRP-F(ab')2 goat anti-mouse IgG conjugate (Zymed, San Francisco, 
CA). After being washed, samples were then postfixed for 1 hour in 4% gluteraldehyde 
in lOOmM cacodylate with 2% sucrose, pH 7.4. After being washed and rinsed, DAB 
reaction was performed. Samples were washed and then incubated in reduced OsOzp 
After another washing the samples were dehydrated and then incubated overnight in 
50%/50% propylene oxide/epon. Sections were examined and photographed using a Zeiss 
EM 1 OB electron microscope. 
Membrane Preparation for SDS-PAGE: 
Adult Sprague-Dawley rats were sacrificed by intraperitoneal injection of 
pentobarbital sodium. Portions of liver, pancreas, and kidney were homogenized in K- 
HEPES solution (200mM mannitol, 80mM HEPES, 41 mM KOH, pH 7.5) with protease 
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inhibitors (0.7mg/ml pepstatin, 0.5mg/ml leupeptin, 1M K2EDTA, and 40mg/ml PMSF). 
Brush border membrane vesicles were prepared as per a previously described 
modification (80) of the Mg-aggregation method of Booth and Kenny (81). 
Membrane fractions enriched for canalicular markers were obtained from James 
Boyer’s lab. They had been prepared per Meier et al. (82). 
SDS-PA GE and Immunoblotting: 
Cell membranes were solubilized in Laemmli sample buffer, and proteins were 
separated by SDS-PAGE using 7.5% polyacrylamide gels according Laemmli (83). For 
immunoblotting, proteins were transferred to polyvinylidene difluoride (PVDF, 
Immobilon-P; Millipore, Bedford, MA) and stained with Ponceau Stain in 0.5% 
trichloroacetic acid. Sheets of PVDF were incubated in Blotto (5% nonfat dry milk and 
0.1% Tween 20 in PBS, pH 7.4, for 1-3 hours to block nonspecific binding of antibody 
and were then incubated overnight in PAb B1 diluted 1:5000 in Blotto. Sheets were 
washed five times with Blotto and incubated for 1 h with Zymed (San Francisco, CA) 
HRP-conjugated rabbit anti-goat antibodies diluted 1:2000 in Blotto. Bound antibody was 
detected with the ECL enhanced chemiluminescence system (Amersham, Arlington 
Heights, IL) according to manufacturer’s protocols. 
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Results: 
Immunocytochemistry in Pancreas: 
In semi-thin sections of rat pancreas (see figure 1) and parotid gland (not shown), 
the apical membranes of epithelial cells lining the ducts stained brightly with 2B9, 4F5, 
and 19F5 (4F5 was used in the figure shown). No staining of pancreatic acinar cells was 
detected. Apical staining could also be clearly seen on electron microscopy using mAb 
4F5 and immunoperoxidase labeled anti-mouse secondary Ab (see figure 2). 
Immunocytochemistry in Liver: 
In cryostat and semi-thin sections of rat liver, bile canalicular membranes (i.e., 
apical hepatocyte membranes) stained brightly for NFIE3 using 2B9, 4F5 and 19F5 
mAb’s (see figure 3, which is stained with mAb 19F5). The luminal surface of bile 
ductules also stained brightly using those antibodies (see figure 4, which is also stained 
with 19F5). The extrahepatic common bile duct did not stain, although adjacent pancreatic 
tissue showed brightly staining pancreatic ducts (not shown). Endothelial cells lining the 
sinusoids stained moderately with 4F5 and 19F5 and weakly with 2B9. Endothelial cells 
have stained using NHE3-specific mAb’s in the past, and this merits further investigation. 
Immunoblotting in Pancreas and Liver: 
Although immunoblotting with mAb’s of crude membrane fractions of liver or 
pancreas was negative, immunoblotting with pAb B1 of liver membranes enriched for 
canalicular markers showed labeling of NHE3 as a doublet of approximately 80-85 kDa 
(see figure 5). Such a doublet is often seen in blots of NHE3. It is interesting that in the 

Figure 1: NHE3 localizes to pancreatic ductular epithelium. Bright staining of NHE3 in the 
apical membrane of a pancreatic duct in a cryosection of PLP-fixed rat pancreas. The 
primary antibody is NHE3-specific monoclonal mouse antibody 4F5. The secondary 
antibody is HRP-conjugated rabbit anti-mouse. Note that the acinar cells do not stain. 

Figure 2: NHE3 localizes to pancreatic ductules. Staining of NHE3 in the apical membrane 
of a pancreatic ductule in an ultra-thin section examined under electron microscopy. 
Primary antibody is NHE3-specific monoclonal mouse antibody 4F5. Secondary antibody is 
HRP-conjugated rabbit anti-mouse antibody. Acinar cells did not stain. 

Figure 3: NHE3 localizes to rat liver canalicuii. (A) Phase micrograph of semi-thin section of PLP- 
Fixed rat liver. (B) Bright canalicular staining (small arrows) of hepatocytes using NHE3-specific 
monoclonal mouse antibody 19F5 as the primary antibody and rhodamine-conjugated rabbit anti¬ 
mouse secondary antibody. There is also some mild staining of sinusoidal endothelial cells. 

Figure 4: NHE3 localizes to bile ductules in rat liver. (C) Phase micrograph of semi-thin section of 
PLP-fixed rat liver. (D) Bright staining of bile ductules (large arrows) using NHE3-specific 
monoclonal mouse antibody 19F5 as the primary antibody and rhodamine-conjugated rabbit anti¬ 
mouse secondary antibody. Canalicular staining can be seen in this section as well. 
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Figure 5: NHE3 localizes to a canalicular membrane fraction of rat hepatocvtes. NHE3 stains as an 
80-85 kDa protein that produces a doublet on SDS-PAGE of rat liver microsomes enriched for 
canalicular markers (arrows). Rat kidney brush border microsomes are provided for comparison. 
The blot was stained with NHE3-specific polyclonal antibody B1 as the primary antibody and HRP- 
conjugated rabbit anti-goat secondary antibody. In the canalicular microsomes, the lighter band of 
the doublet stains more intensely. In rat kidney brush border, the heavier band is more intense. 
The cause of this effect is unknown, though it may reflect differential phosphorylation. Crude liver 
microsomes do not stain positive for NHE3 (not shown). 
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positive control (renal brush border membrane vesicles) the heavier band stained more 
brightly, while in the liver membrane fraction the lighter band stained more brightly. This 
result may reflect differential phosphorylation of NHE3, though there is currently no 
clear evidence that differential phosphorylation is the cause of this doublet. 
Discussion: 
Conclusions of the Current Study: 
The staining of the luminal surfaces of bile ductules, bile canaliculi, and pancreatic 
and parotid ductules by three monoclonal antibodies to two different epitopes of NHE3 
shows that NEIE3 is expressed on the apical membranes of rat hepatocytes, 
cholangiocytes, and pancreatic/parotid duct epithelial cells. Positive staining on Western 
blot for canalicular-enriched hepatocyte membranes confirms the presence of the protein 
at this previously undescribed site. Negative results by Western blotting of crude 
pancreatic and hepatic membrane vesicles likely reflect the fact that NHE3 is present in 
minority membrane populations at each of these sites. 
The implications of the presence of NHE3 in pancreatic epithelia, cholangiocytes, 
and hepatocytes will each be discussed in turn. 
Evidence of NHE3 in Pancreatic and Salivary Epithelia: 
Recent Studies Have Shown that NHE3 Is Functional in Pancreatic Ducts: 
Since the time the above study was performed, a study of luminal Na+ /H+ 
exchange in the pancreas was published by Lee et al (84). 
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RT-PCR analysis in rats showed the presence of NHE1, NHE2, and NEIE3 
mRNA, but not NEIE4 or NHE5 mRNA. The authors subsequently demonstrated the 
presence of NEIE2 and NEIE3 in the apical membranes of mouse pancreatic ducts by 
immunohistochemistry. Follow-up experiments on NHE2 -/- and NHE3 -/- knockout 
mice confirmed the specificity of their findings. Basolateral staining for NHE1 was also 
demonstrated. 
Functional studies in mice were performed on an isolated pancreatic duct 
preparation where the composition of the luminal and bath solutions could be 
independently modified. After an acid load, both apical and basolateral Na+-dependent 
H+ efflux could be detected. Basolateral H+ efflux was inhibited by a low concentration of 
the inhibitor HOE 694 (1.5|iM), a finding that suggested the presence ofNHEl. 
Interestingly, the pH recovery mediated by apical H+ efflux was inhibited 78% (+/- 4%) 
by 15|iM HOE 694 and was inhibited 86% (+/- 3%) by 50pM HOE 694. Since the K, of 
HOE 694 for NHE3 is much higher than this (650pM), this result initially suggested that 
NHE2 might be the predominant mediator of H+ efflux at this site. However, NHE2-/- 
knockouts showed no decrease in H+ efflux, suggesting that NHE2 is normally inactive in 
the mouse pancreatic ducts. NHE3-/- knockouts, on the other hand, showed a 45% 
decrease in pH recovery. This suggested that, in addition to NHE3, some previously 
uncharacterized transporter is mediating the remaining 55%. Interestingly, the authors did 
not discuss the possibility that NHE2 might somehow be activated in the NHE3-/- 
condition. 
Another interesting observation is the fact that even accounting for the presence of 
another antiporter, it would still appear that the NHE3 present in the pancreatic duct is 
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somehow more sensitive to HOE 694 than is NHE3 in the kidney. This is shown by the 
fact that in proximal convoluted tubules dissected from mouse kidney, Na+-dependant H+ 
efflux was not significantly reduced by the same 50)iM concentration of HOE 694 that 
was used above (9). This result demonstrates that the response to inhibitors may be an 
inaccurate way to identify NHE isoforms. 
Lee et al. also studied functional regulation of Na+-dependent H+ efflux by cAMP 
(which increases in response to secretin). The addition of forskolin and 3-isobutyl-1- 
methylxanthine (IBMX) decreased H+ efflux by 43% (+/- 5%) in WT mice, 45% (+/-2%) 
in NHE2 -/- mice, and 23% (+/-6%) in NHE3 -/- mice. This suggested that both NHE3 
mediated and non-NHE3 mediated apical H+ efflux are diminished by increased cAMP 
levels. This result makes sense. As previously discussed, cAMP signals the secretion of 
NaHC03 from the pancreatic epithelium, and simultaneous Na+/H+ exchange would be 
counter productive. 
Pancreatic Epithelia Are Both Secretory and Reabsorptive: 
Lee et al. therefore conclude that, in addition to having a secretory function during 
hormonal stimulation, the pancreatic epithelium also has a reabsorptive role in the basal 
state (84). NaHC03 reabsorption occurs in a fashion that is analogous to reabsorption in 
the kidney. The presence of luminal carbonic anhydrase in pancreatic epithelia (42), 
makes this view even more plausible. 
Another piece of evidence is the presence of NBC-1, the basolateral Na+-HC03' 
co-transporter helps mediate Na+ and HC03' reabsorption in the kidney (42). The 
assumption that pancreatic epithelium is purely secretory lead to the belief that NBC-1 
always functioned in an “inward” fashion in the pancreas—contrary to the way it 
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functioned in the kidney. However, NBC-1 might function the way it does in the kidney 
during periods of reabsorption in the pancreas. This seems particularly plausible since 
during these times the CFTR is not activated, and, as previously discussed, the 
depolarization mediated by CFTR activation appears essential for inward Na+-HC03' co¬ 
transport by NBC-1 (45). 
The understanding provided by the above experiments supplements that of 
Gerolami et al. (47), who initially focused on the prevention of CaC03 stones as the 
reason for apical Na+/H+ exchange in the pancreatic duct. It seems likely that the 
prevention of HC03' loss and/or the prevention of intraductal activation of digestive 
enzymes may be the central motivators for luminal Na+/H+ exchange in the pancreatic 
duct. 
Recent Studies Have Localized NHE2 and NHE3 to Rat Submandibular Glands: 
As mentioned previously, salivary glands are analogous in structure to the 
exocrine pancreas. He et al. found NHE2 and NHE3 in the apical membranes of acinar 
cells as well as duct cells of the rat submandibular gland (85); however, subsequent 
studies have found these proteins in only in the ductular epithelia. Lee et al., whose 
study of the pancreas is discussed above, used RT-PCR to localize NHE2 and NHE3 
mRNA to ducts but not acini of rat submandibular glands (86). They also used 
immunocytochemistry to localize NHE2 and NHE3 to apical membranes of 
submandibular gland ductular epithelium. Finally, they demonstrated functional evidence 
of Na+/H+ exchange that showed a pattern of sensitivity to HOE-694 (at a concentration 
of 50|iM) that was very similar to that seen by the same authors in pancreas (84, 86). 
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A Recent Study Has Shown that NHE3, but not NHE2, Localizes to Rat Parotid 
Gland 
Interestingly, the rat submandibular and parotid glands appear to show somewhat 
different patterns of NHE expression. Park et al. used immunocytochemistry and RT- 
PCR to localize NHE3 to the parotid gland (87). This confirms our result localizing 
NHE3 to the ducts in the rat parotid gland using immunocytochemistry. In contrast to 
results obtained by Lee et al. in submandibular glands. Park et al. did not show any 
evidence of NHE2 in the parotid gland, although the study did confirm the presence of 
NHE2 in the submandibular gland. 
A Recent Study Has Shown that NHE2 and NHE3 Are Not Functional in Rat 
Submandibular Glands: 
The findings by Lee et al. in their studies of rat pancreas and submandibular glands 
would seem to suggest that the systems for reabsorption in these two glands are similar to 
each other (84, 86). However, subsequent knockout studies performed by members of 
the same group have not shown this hypothesis to be true. NHE2 -/- and NHE3 -/- 
knockouts showed no change in Na+-dependent, DIDS-insensitive, EIPA-inhibitable 
recovery from an acid load relative to wild-type mice (88). Even double knockouts 
(NHE2-/-; NHE3-/-) did not show any change in the pattern of recovery. The authors 
interpret this data as evidence for the presence of a novel member of the Na+-HC03" 
cotransporter family (NBC-3) that is not inhibited by DIDS but is sensitive to EIPA 
(89). RT-PCR showed the presence of NBC3 splice variant NBCnlB in duct cells but 
not acinar cells, though other splice variants of NBC3 were present in acinar cells (88). 
Since the duct cells can recover from an acid load even in the absence of HC03\ while the 
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acinar cells cannot, the authors hypothesize that the splice variant in the duct cells 
(NBCnlB) can mediate Na+-OH' co-transport as well as Na+-HC03' co-transport. Of 
course, this transporter might also be mediating some of the unexplained non- 
NHE2/NHE3 transport seen in studies of the pancreas (84) or kidney (9). Interestingly, a 
novel NHE might also explain these findings, particularly since this unknown transporter 
is able to mediate recovery from an acid load in the absence of HC03'. However, the 
authors do not explicitly discuss this possibility, likely because they found that the 
presence of HC03' in the medium enhanced recovery from an acid load. Suspicion of a 
Na+-HC03' co-transport mechanism with the ability to transport OH' would therefore 
provide a unifying hypothesis. 
Evidence of NHE3 in Cholangiocytes: 
Recent Studies Have Shown that NHE3 is Functional in Cholangiocytes: 
The study described in this thesis was eventually integrated into a broader study 
of Na+/H+ exchange in cholangiocytes by Mennone et al. (90). 
Functional evidence for the presence of NHE3 was found in intact bile duct units 
(IBDU’s) prepared from collagenase-digested mouse livers of wild type and NHE3 -/- 
knockouts. In both cases, administration of forskolin increased intraluminal volume. In 
IBDU’s from wild-type (WT) mice the volume returned to normal after forskolin was 
stopped, but in IBDU’s from NHE3-/- mice the volume remained elevated. The volume 
also remained elevated in WT IBDU’s exposed to EIPA in concentrations high enough to 
inhibit NHE3. The study also looked at hepatocyte couplets, which will be discussed 
below. 
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The combination of the study by Mennone et al. and data discussed in the 
Introduction section makes the presence of apical Na+/H+ exchange in cholangiocytes all 
but certain. The question that remains is what isoform or isoforms are mediating it. As 
mentioned previously, Marti et al. (66) and Spirli et al. (58) both have evidence from RT- 
PCR to suggest that NHE2 mRNA is present. The data using NHE3 knockouts 
convincingly shows that NHE3 has a functional role, and our immunocytochemistry data 
coupled to the RT-PCR finding by Singh et al. (67) of NHE3 mRNA further supports 
that finding. 
How should these various results be reconciled? Given the data from the 
pancreas, it certainly seems possible that both NHE2 and NHE3 are present. Differences 
in mRNA production and survival among the various cell types studied may account for 
some of the discrepant results. Differences in technique may also have contributed. An 
attempt to replicate previous data regarding NHE2 expression using RT-PCR would be 
useful. No study reviewed has described the result of immunocytochemistry on 
cholangiocytes using NHE2-specific antibodies. If these studies were positive, then 
further experiments with NHE2 knockouts would be in order. 
Biliary Epithelia Are Both Secretory and Reabsorptive: 
This leaves the question: what is the role of apical Na+/H+ exchange in 
cholangiocytes? As mentioned previously, bile duct epithelia are much more than 
conduits. They significantly contribute to the volume of bile, particularly when under 
stimulation from hormones such as secretin (59, 62). It seems likely that pancreatic and 
biliary epithelia are analogous in having both secretory and reabsorptive functions that 
predominate at different times. During feeding NaHC03 secretion predominates, while 
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during fasting reabsorption mediated by Na+ /H+ exchange predominates. In fact, it has 
been speculated that cholestasis during parenteral feeding results from an imbalance 
between these two functions (52). 
Evidence of NHE3 in Hepatocytes: 
There Is Still No Functional Evidence of Apical Na+/H+ Exchange in Hepatocytes: 
Mennone et al. (90) studied hepatocyte couplets in an attempt to demonstrate 
apical Na+/H+ exchange. Intraluminal volume in the couplets did increase with the 
administration of forskolin, but unlike the case in IBDU’s, it remained elevated. 
Therefore, in contrast to IBDU’s, there is no functional evidence of reabsorption in 
hepatocyte couplets. As previously discussed, Moseley et al. also failed to find 
functional evidence of apical Na+ /H+ exchange in hepatocytes (77). Additionally, 
previous RT-PCR studies have been negative for apical NHE isoforms (66). 
There Is Some Interesting, but Weak, Circumstantial Evidence Supporting the 
Presence of NHE3 in Hepatocytes: 
Interestingly, Van Dyke (91) found evidence of amiloride resistant Na+/H+ 
exchange in early but not late liver endocytic vesicles. NHE3 has been found to localize 
to endosomes in native tissue of the rat proximal tubule (29) as well as to recycling 
endosomes in a nonepithelial cell line transfected with NHE3 (30). Earlier studies had 
found functional evidence of amiloride-resistant Na+/H+ exchange in endosome-enriched 
microsomes from rabbit and rat renal cortex (92, 93). However, this already weak parallel 
is made more problematic by the fact that Mennone et al. did not see 
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immunocytochemical staining of NHE3 in hepatic endosomes under electron microscopy. 
However, if endocytosis only occurs in response to a specific signal, then it might be 
easily missed. 
Another interesting finding is the presence NHERF, also know as ezrin-radixin- 
moesin-binding phosphoprotein 50 (EBP50), in apical hepatocyte epithelia (94). As 
mentioned previously, this protein is involved in cAMP-mediated inhibition of NHE3 in 
the kidney. Of course, the presence of NHERF is in no way strong evidence for the 
presence of NHE3, since it interacts with many other proteins (32). 
NHE3 Is Present, but Not Functional, in Hepatocytes 
In spite of the lack of functional evidence, the results of immunocytochemistry 
using three antibodies to two different epitopes and further confirmed by Western 
blotting using apical membranes strongly argue for the presence NHE3 in canalicular 
membranes. However, the protein would appear to be inactive at this site. It is unclear 
what purpose NHE3 would have at this location. 
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Summary of Evidence of NHE3 in Pancreatic/Parotid and Liver Tissue: 
Evidence 
of NHE3 
from the 
Above 
Study 
Evidence ofNHE3 From the Literature 
Apical 
Na+/H+ 
Exchange 
is Present 
IF 
of NHE3 
RT-PCR 
of NHE3 
Functional 
Evidence 
of NHE3 
from 
Knockouts 
Putative 
Role of 
NHE3 
Pancreatic Duct 
Epithelial Cell 
IF/EM Yes Yes Yes Yes NaHCOj 
Reabsorption 
Parotid Duct 
Epithelial Cell 
IF Yes Yes Yes Not Done* Unknown 
Cholangiocyte IF Yes Yes Yes Yes NaHC03 
Reabsorption 
Hepatocyte IF + WB No No No Negative Unknown 
Table 2: Evidence from this study for the localization of NHE3 to the apical membranes of each of the 
above cell types is listed in the left column. Additionally, evidence from the literature regarding the 
location and the suspected role of NE1E3 at those sites is listed (58, 66, 67, 84, 87, 90). 
Abbreviations: IF: immunofluorescence, EM: electron microscopy, WB: Western blot, RT-PCR: reverse 
transcriptase polymerase chain reaction 
*In the parotid gland, studies with knockout mice have not been done; in the submandibular gland, knockout 
studies have shown that NHE3 is not active, even though it is present in the apical membranes of ductular 
epithelial cells. 
Summary of Data Published at the Time the Study Was Done Compared to 
Current Knowledge: 
1997/1998 Cu rrent 
Pancreatic Duct Epithelial 
Cells 
. 
Apical Na+/H+ Exchange Present Apical Na+/H+ Exchange Present 
NHE2 (non-functional) 
NHE3 (functional) 
Submandibular Duct Apical Na /H+ Exchange Present Apical NaVlT Exchange Present 
Epithelial Cells NHE2 (non-functional) 
NHE3 (non-functional) 
Parotid Duct Epithelial Apical Na+/H+ Exchange Present Apical Na+/H+ Exchange Present 
' : a/ NHE3 
Cholangiocytes Apical Na /H+ Exchange Present Apical NaVlT Exchange Present 
?NHE2 
?NHE3 
?NHE2 
NHE3 (functional) 
Hepatocytes 
... 
No Evidenence of A pci at Na'/H' 
Bcctease 
\ 
No Evidenence of Apical Na /If 
Exchange 
NHE3 (non-functional) 
Table 3: Question marks (?) denote sites were evidence for the presence of an exchanger is 
equivocal. Boldface is used to highlight sites were clear functional evidence from knockout studies exists 
for the presence of the exchanger. (This does not imply that the exchanger solely responsible for Na+/H+ 
exchange at these sites.) Italics are used to highlight sites where there is clear function evidence that an 
exchanger is present but is not functional. It should be noted that there is evidence of both basolateral 
Na/H exchange and the presence of NHE1 at all of these sites (51, 58, 66, 67, 84-88, 90). 
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Conclusions of Both the Current Study and the Literature Review: 
The Role of NHE3 in Epithelial Reabsorption is Widespread: 
In summary, the evidence suggests the presence of an at least partially conserved 
mechanism for NaHC03' reclamation across varied epithelia in the kidney, gut, 
intrahepatic bile duct, gall bladder, pancreatic duct, and efferent duct. The ubiquity of 
basolateral Na+/H+ exchange as a method of cell volume and pH regulation is well 
recognized. It would now appear that apical Na+/H+ exchange is also extremely 
widespread across reabsorptive epithelia. 
Pancreatic, Salivary, and Biliary Epithelia are Both Secretory and Reabsorptive: 
Cells lining ducts in the pancreas, salivary glands, and liver have the molecular 
machinery for both secretion and reabsorption. It is clear that significant changes in the 
function of these ducts occur in secretory versus non-secretory states. 
The Understanding of Reabsorptive Mechanisms at These Sites Is Incomplete: 
It is clear that the current understanding of mechanisms reabsorption mediated by 
epithelial cells expressing apical NHE’s is far from comprehensive, and that 
uncharacterized transporters are acting alongside previously described apical NHE’s. 
Apical NHE’s May Have Functions Other Than Mediating Na+/H+ Exchange: 
Finally, it is apparent that apical NHE’s have been repeatedly localized to sites where 
they do not mediate Na+/H+ exchange (NHE3 in hepatocytes and the sub-mandibular 
gland; NHE2 in the sub-mandibular gland, pancreas). Though it is possible that future 

43 
studies will demonstrate specific conditions under which these transporters are active, it 
is also possible that these proteins serve some previously unrecognized structural role. 
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